ABSTRACT. The Ordos Block is a large but poorly exposed crustal segment in the western part of the North China Craton. Little is known about its Precambrian basement rocks and their evolution because of an extensive cover by younger sedimentary rocks. We report SHRIMP zircon ages and Hf-in-zircon isotopic compositions for five samples recovered from drill holes that penetrated into the Ordos basement. Based on these data, two age groups of rocks can be distinguished: an early 
introduction
The North China Craton (NCC) is one of the largest cratonic blocks in the eastern Eurasian continent. It is generally accepted that the basement of the NCC is composed of several different blocks, separated by major tectonic boundaries, and that they were originally independent crustal entities that eventually collided to form the craton. However, there is still considerable debate as to how the craton should be subdivided, where the boundaries are located, and what was the timing of collision and amalgamation (Wu and others, 1998; Wu and Zhong 1998; Zhang and others, 1998; others, 1998, 2001; others, 2000, 2005; Zhai and Liu, 2003; Kusky and Li, 2003; Zheng and others, 2013) . The number of blocks proposed in the various models ranges from 15 (Zhang and others, 1998) to 5 (Wu and others, 1998) , but with little explanation of the nature of their boundaries.
There has been wide acceptance of the model proposed by Zhao and others (1998 Zhao and others ( , 1999a Zhao and others ( , 1999b Zhao and others ( , 2001 Zhao and others ( , 2005 who initially suggested a 3-fold subdivision of the craton, based on lithological, structural, metamorphic and geochronological differences (Zhao and others, 1998 (Zhao and others, , 1999a (Zhao and others, , 1999b . These authors pointed out that metamorphic P/T paths of widespread supracrustal assemblages were anticlockwise in the eastern part of the craton, clockwise in its central part, but changing from clockwise to anticlockwise in the western part others, 1999a, 1999b) . They defined the central zone as the Trans-North China Orogen (TNCO) that separated the NCC into Eastern and Western Blocks. The late Archean anticlockwise P-T paths in the two blocks were interpreted to be due to several mantle plumes, resulting in magmatic underplating and high-grade metamorphism at ϳ2.5 Ga (Zhao and others, 1999a) , whereas the clockwise paths in the TNCO was interpreted to reflect continental collision between the Eastern and Western Blocks, leading to Paleoproterozoic assembly of the NCC at ϳ1.85 Ga (Zhao and others, 2001) . This model was later modified (Zhao and others, 2005) into the currently-favored 6-fold (or 7-fold) subdivision of the craton ( fig. 1 ) (see also others, 2002, 2004; Guo and others, 2005; others, 2005, 2006; others, 2006, 2009) . This modification resulted from the re-interpretation of major collisional zones within both the Eastern and Western Blocks. In the Eastern Block, rocks of the Jiao-Liao-Ji Belt were considered to have been deposited in a rift setting (Yang and others, 1988) , and the rift was thought to have closed at ϳ1.85 Ga, although other workers have favored either continent-arc collision (Bai 1993; Faure and others, 2004; Luo and others, 2004) or continent-continent collision (He and Ye, 1998) without prior rifting. In the Western Block, the east-west trending Khondalite Belt (also described as the Inner Mongolia Suture Zone, Santosh, 2010) separates the block into two component parts (Zhao and others, 2005) : the Yinshan Block in the north and the Ordos Block in the south ( fig. 1 ). Zhao and others (2005) , and Wan and others (2006) .
In contrast to Zhao and several authors cited above, Li and others (2002) , Kusky and Li (2003) and Kusky and others (2007) suggested that collision between the Eastern and Western Blocks occurred along a Central Zone in the Neoarchean (ϳ2.5 Ga) to form a unified NCC. Zhai and Santosh (2011) divided the NCC into six micro-blocks with very different boundaries from those proposed by Zhao and co-workers. They suggested that these micro-blocks were welded together along Neoarchean granite-greenstone belts at ϳ2.5 Ga.
It is in the context of this debate that we report SHRIMP U-Pb and LA-ICP-MS Hf isotope analyses of zircons from rocks recovered from drill cores that penetrate basement beneath the Ordos Basin. These data show that the Ordos Block, as defined above, was involved in a late Paleoproterozoic tectono-thermal event, thus bringing into question whether the block is really an Archean cratonic fragment.
geological background
The Yinshan Block forms the northern part of the Western Block of the NCC and is composed of TTG gneisses and ultramafic to felsic volcanic rocks, metamorphosed from greenschist to granulite facies. The high-grade TTG gneisses are associated with mafic granulites and charnockites, whereas the lower grade volcanic assemblages form linear belts associated with low-grade TTG suites (see Zhao and others, 1999b and references therein) . Metamorphism in all domains is characterized by anti-clockwise P-T paths (Zhao and others, 1999b ) and occurred at ϳ2.5 Ga.
The Khondalite Belt to the south of the Yinshan Block is composed of khondalites (garnet-sillimanite metapelites), interlayered with charnockites, ortho-and paragneisses and various magmatic suites, all at upper amphibolite or granulite facies. The rocks were interpreted to have formed along the passive northern margin of the Ordos Block (see below), with subduction to the north below the Yinshan Block (Zhao and others, 2005) . All metamorphic assemblages define tight clockwise P/T paths (Zhao and others, 1999b and references therein). It appears that there were two distinct metamorphic events at the end of the Paleoproterozoic, namely an early high-grade event at 1.95 Ga that was interpreted to reflect the collision of the Ordos and Yinshan Blocks (Zhao and others, 2010 ) and a slightly later, more local, UHT event at 1.92 Ga, interpreted as either due to massive intrusion of mafic magmatic rocks (Guo and others, 2011) or due to magmatic underplating or subduction-collision processes (Santosh and others, 2006, 2007; Tsunogae and others, 2011; Santosh and others, 2013) . However, metamorphic zircon ages ranging almost continuously from 1.95 to 1.83 Ga have been identified in the Daqingshan area (Wan and others, 2013) .
The Ordos Block makes up the southern part of the Western Block (figs. 1 and 2) and is the least understood tectonic unit in the NCC, because the Precambrian crystalline rocks are entirely covered by younger sedimentary rocks of the Ordos Basin. The block occupies an area of 250,000 km 2 , and its lithospheric structure is significantly different from that of the eastern NCC. Whereas craton destruction since the Mesozoic has resulted in significant lithospheric thinning (60-100 km) in the eastern NCC (Zhang and others, 2013 , and references therein), the Ordos Block has remained a stable cratonic area with a thick lithosphere (Ͼ200 km), low heat flow, high-velocity anomalies, an absence of earthquakes, and an apparent lack of internal deformation since the late Paleoproterozoic (Wang and others, 1996; Hu and others, 2000; Zhai and Liu, 2003; Chen and others, 2009; Chen, 2010; Jiang and others, 2013) . It is overlain by a Mesoproterozoic to Cenozoic sedimentary cover of great thickness (Ͼ6000 m), although Neoproterozoic to early Carboniferous strata are missing (COCP, 2011) . Dating of detrital zircons from young sedimentary cover rocks and modern river sands that extend across the Ordos Block reveal evidence of tectono-thermal events of late Neoarchean and late Paleoproterozoic ages in their source regions (Song and others, 2010; Diwu and others, 2011; Wang and others, 2012; Xie and Heller, 2013) . However, this does not imply that the Ordos basement (the term is used here for all crystalline rocks underlying the unmetamorphosed Ordos Basin sediments) underwent these events, because the Ordos Block itself was a depositional area, at least during the late Paleoproterozoic. Based on drill core data, the basement is composed of granulite, para-and orthogneiss, leptite (a fine-grained metamorphic rock with a granoblastic texture, mainly composed of feldspar and quartz), amphibolite, quartzite, schist and marble. It is divided into granulite, amphibolite and greenschist facies sub-areas, with the granulite facies rocks mainly occurring in the northern part (COCP, 2011) . Hu and others (2012) carried out SHRIMP U-Pb zircon dating on two drill-core samples from holes drilled into Precambrian basement in the northwestern and eastern parts of the Ordos Basin ( fig. 2) . They concluded that the Ordos Block experienced strong magmatism during the late Paleoproterozoic and that there may be a Paleoproterozoic mobile belt in the region.
Precambrian rocks occur widely around the Ordos Basin. In the Lüliang area ( fig.  2) , east of the basin, the metamorphic basement is composed of the Jiehekou, Lüliang, and Yejishan "Groups" 1 and various granitoids. Rocks of the Jiehekou "Group" extend in an east-west direction, and their pelitic protoliths are similar to the khondalites, although the rocks exhibit a lower-grade of metamorphism (commonly amphibolite facies). The Jiehekou "Group" is considered to have been deposited during the late Paleoproterozoic for the following reasons: 1) the youngest detrital zircons from metasedimentary rocks are ϳ2.0 Ga in age, and 2) the rocks underwent amphibolite facies metamorphism, but no strong metamorphism occurred after the late Paleoproterozoic in this area (Wan and others, 2006; Xia and others, 2009 ). The Lüliang and Yejishan "Groups" extend in a north-south direction and are composed of metamorphosed volcano-sedimentary rocks and record both magmatic and metamorphic zircon ages of ϳ2.21 Ga and 1.83 Ga (Liu and others, 2011) . Granitoid magmatism occurred at 2.50, 2.37, 2.18 to 2.17, 2.06 and 1.83 to 1.79 Ga, with some granitoids recording metamorphic zircon ages of 1.87 to 1.84 Ga (Geng and others, 2000 (Geng and others, , 2004 (Geng and others, , 2006 Liu and others, 2009; Zhao and others, 2008a) .
In the Daqingshan area, north of the Ordos Basin ( fig. 2 ), high-grade rocks, including granulites (the Sanggan or Xinghe "Group"), gneisses (the lower Wulashan "Group"), khondalites (the upper Wulashan "Group") and plutonic rocks, are widely distributed and extend in a general east-west direction. The khondalites were considered to be Archean in early studies, mainly based on their high metamorphic grade (Shen and others, 1990; Hu and others, 1994; Lu and others, 1996; Yang and others, 2000) . However, these metasedimentary rocks contain detrital and metamorphic zircons with ages of ϳ2.0 and 1.95 to 1.83 Ga, respectively, suggesting deposition during the Paleoproterozoic (Wan and others, 2006; Zhao and others, 2010; Dong and others, 2012) . Recent studies revealed multiple tectono-thermal events during the late Neoarchean to late Paleoproterozoic at 2.60 to 2.50, 2.45 to 2.37, 2.30 to 2.00 and 1.95 to 1.85 Ga, as suggested by SHRIMP U-Pb dating of magmatic, detrital and metamorphic zircons (Wan and others, 2006 (Wan and others, , 2008 (Wan and others, , 2009 Wu and others, 2006; Santosh and others, 2007, 2009; Zhong and others, 2007; Zhao and others, 2010; Li and others, 2010; Liu and others, 2012; others, 2012a, 2012b; others, 2012, 2013) . Importantly, the earliest known Paleoproterozoic (2.50-2.45 Ga) supracrustal rocks in the NCC were identified in the Daqingshan area and underwent high-grade metamorphism between 2.45 and 2.40 Ga (Wan and others, 2009; Dong and others, 2013) .
In the Qianlishan-Helanshan area, west of the Ordos Basin ( fig. 2) , the Precambrian basement includes rocks of the Qianlishan and Helanshan "Groups," as well as granitoids, mostly extending in an east-west direction. The supracrustal rocks are virtually identical in field appearance and formation ages to khondalites in the Daqingshan-Jining area (Dong and others, 2007; Yin and others, 2009; Zhou and Geng, 2009 Because the Ordos Block is critical to all models concerning the nature and evolution of the NCC, it is important that direct evidence as to the types of rocks present be obtained. Certain holes drilled to assess the petroleum potential of the Ordos Basin extend for up to one or several tens of meters into the basement rocks, and these provide the only direct evidence as to the nature and characteristics of the Ordos basement. Samples were obtained by Petrochina, and the drill cores are the subject of this research. Locations are shown in figure 2, and general information about the samples is provided in table 1. Note that the samples are spread widely across the Ordos Basin, thus allowing us to evaluate the nature of the basement over a considerable area.
Biotite This sample comes from a drill core obtained near the northern margin of the Ordos Basin ( fig. 2 ). The medium-grained rock is dark gray in color and has a gneissic structure ( fig. 3A) . It is composed of quartz (30-40%), K-feldspar (20-25%), biotite (10-20%), plagioclase (8-10%) and minor secondary epidote (3-5%). Biotite flakes and feldspar grains are oriented, with elongated quartz aggregates displaying undulose extinction and dynamic recrystallization. Some K-feldspar occurs as megacrysts. Some grains of plagioclase are sericiticized and saussuritized. Biotite is brownish-green and occurs as relatively small, oriented flakes along the boundaries of feldspar and quartz. Fine-grained opaque minerals are distributed along the cleavage of biotite. It is uncertain from the hand sample whether the rock is an ortho-or paragneiss.
Banded Two-Mica K-Feldspar Gneiss (H3-7)
This sample is from a drill core ϳ50 km south of sample S2-5 ( fig. 2 ). The rock is not uniform and is reddish to gray in color and shows a banded structure with some anatectic veins ( fig. 3B ). The overall mineral assemblage is quartz (35-40%), K-feldspar (20-25%), plagioclase (3-5%), biotite (3-5%), muscovite (5-10%), and opaque minerals (mainly magnetite, ca. 10%), with secondary epidote (3-5%). The light layers are rich in quartz and feldspar with minor biotite and magnetite. Quartz shows weak undulose extinction. Gray layers are dominated by biotite, muscovite and magnetite. Some small opaque grains (probably ilmenite) occur as exsolution lamellae along the cleavage of muscovite and biotite flakes. Again, it is uncertain from the hand sample whether the rock is an ortho-or paragneiss.
Garnet-Sillimanite-Biotite Gneiss (QT1-12b)
Our sample, QT1-12b, comes from the same drill core from which Hu and others (2012) obtained their sample QI1-1 and is located in the northwestern part of the Ordos Basin, about 100 km northeast of Yinchuan ( fig. 2 ). Sample QI1-1, from a depth of 5135 m, is composed of plagioclase (40%), quartz (35%), sillimanite (10%), K-feldspar (5%), garnet (5%) and biotite (5%) (Hu and others, 2012) . Our sample QT1-12b was taken from a depth of 5229 to 5233 m and is red to gray in color, coarse-grained, and has a gneissic structure ( fig. 3C ). Overall, the rock is composed of quartz (20-30%), K-feldspar (15-20%), biotite (10-15%), garnet (5-10%), sillimanite (10-15%), plagioclase (3-5%) and opaque minerals (3-5%). The opaque minerals are magnetite/ilmenite, with minor graphite. The foliation is defined by oriented sillimanite and biotite, whereas quartz shows strong dynamic recrystallization, indicating ductile deformation. Garnet occurs as large porphyroblasts with quartz inclusions in the cores; some garnets show embayed margins. Needle-like sillimanite aggregates occur along with biotite, plagioclase and K-feldspar, and this assemblage indicates dehydration melting. K-feldspar is mainly perthite, supporting a high-temperature history for the gneiss. From the mineral assemblage, the rock is a paragneiss. plagioclase (5-10%), muscovite (5-10%) and opaque minerals (2-3%) that are mainly graphite with jamesonite and magnetite. Most plagioclase is altered to sericite and forms irregular or subhedral grains with polysynthetic or combined albite and pericline twins. Some plagioclase grains exhibit myrmekitic textures along their margins. Biotite and muscovite are oriented together with minor graphite and other opaque minerals and delineate the foliation in the rock. Strong deformation is also supported by undulose extinction and dynamic recrystallization of most quartz grains. From the same drill core, but from a shallower depth (3495 m), Hu and others (2012) collected sample Long1-1. It is similar to our sample LT1-11, consisting of quartz (35%), K-feldspar (35%), plagioclase (25%), biotite (3%) and muscovite (2%). The authors considered that their sample was a granitic gneiss that contains schist enclaves. Our interpretation is that both samples are most likely paragneisses that have experienced anatexis for reasons that: 1) sample LT1-11 contains graphite; 2) minerals show a heterogeneous distribution; 3) the "enclaves" are similar in lithology to the garnetsillimanite-biotite gneiss (Hu and others, 2012 ) that contains detrital zircons with the same ages as those of zircons from the "host" gneiss.
Graphite-Bearing Two-Mica Two-Feldspar Gneiss (LT1-11)

Altered Mica Quartz-Feldspar Gneiss (QS1-18)
This sample was taken from a drill core in the south-central part of the Ordos Basin ( fig. 2 ) and is a gray, coarse-grained rock with a gneissic structure ( fig. 3E ). It is mainly composed of quartz (50-55%), altered feldspar (30-35%) and muscovite (5-10%). Quartz and altered feldspar grains reach up to 5 mm in diameter and show triple-point junctions, indicating structural equilibrium. Muscovite flakes reach ϳ1 mm in size and commonly occur together with altered feldspar. Exsolution of opaque minerals (hematite, martite and anatase) occurs along the cleavage of some muscovite flakes, probably suggesting that they are formed as a result of retrogression of biotite. The feldspar grains show strong sericitization, and may originally be plagioclase. Therefore, quartz ϩ altered feldspar ϩ muscovite cannot represent the original mineral association of the sample, and it is not muscovite granite, although it is still uncertain whether this rock is an ortho-or paragneiss.
Of the five samples described above, three are composed of common rockforming minerals (feldspar, quartz, and mica) and underwent strong metamorphism and anatexis (S2-5, H3-7, QS1-18), thus it is difficult to determine whether their protoliths are sediments or granitoid rocks. However, we favor a supracrustal origin for the following reasons: 1) the samples are not homogeneous and show large variations in mineral proportions, being different from anatectic orthogneisses; 2) the samples have major element contents that are different from those of common magmatic rocks: S2-5: SiO 2 ϭ 67.04%, Na 2 O ϭ 1.60%, K 2 O ϭ 7.48%; QS1-18: SiO 2 ϭ 72.95%, Na 2 O ϭ 0.01%, K 2 O ϭ 4.76%; and H3-7: SiO 2 ϭ 64.45%, FeOt ϭ 5.95%, Na 2 O ϭ 1.75%, K 2 O ϭ 5.94% (Y. S. Geng, unpublished data). All samples are located in sediment fields in 100*mg-c-(al-alk), c-mg and [(alϩfm)-(cϩalk)]-si diagrams (not shown), which are constructed based on Niggli values.
analytical techniques
Zircons were hand-picked from heavy mineral concentrates and mounted in epoxy resin. The mount was ground down and polished so that the zircon cores were exposed, and zircons were imaged using cathodoluminescence (CL) to determine the best locations for U-Pb and Hf analyses. The mount was then cleaned and gold-coated. CL imaging was carried out using a 305 Hitachi SEM S-3000N equipped with a Gatan ChromaCL detector and a DigiSan II data306 recorder at the Beijing SHRIMP Center, Chinese Academy of Geological Sciences (CAGS). Operating conditions were 9 kV and 99 A.
Zircon dating was carried out using the SHRIMP II at the Beijing SHRIMP Center, CAGS. The analytical procedures and conditions were similar to those described by Williams (1998) . The intensity of the primary O 2Ϫ ion beam was 3.5 nA, the spot size was ϳ30 m, and each analytical site was rastered for 2.5 minutes prior to analysis. Five scans through the mass stations were made for each age determination of metamorphic zircons, but three or four scans were made on detrital zircon cores. Reference zircon SL13, with a U content of 238 ppm (Williams, 1998) U, respectively. Common lead corrections were applied using the measured 204 Pb abundances and the model Pb compositions of Cumming and Richards (1975) . Data processing was carried out using the SQUID and ISOPLOT programs (Ludwig, 2001 (Ludwig, , 2003 . Uncertainties in the isotopic ratios of individual analyses in table 2 and on the concordia diagrams are given at 1, whereas uncertainties for weighted mean ages in the text are quoted at the 95 percent confidence level.
Hf-in-zircon isotope analyses were carried out using a Newwave UP213 laserablation microprobe, attached to a Neptune multi-collector ICP-MS, at the Institute of Mineral Resources, CAGS. Instrumental conditions and data acquisition were described by Hou and others (2007) . Beam diameter was 40 m, and helium was used as the carrier gas to transport the ablated sample from the laser-ablation cell to the ICP-MS torch via a mixing chamber, where it was mixed with argon. In order to correct for isobaric interferences of Hf of 0.7325, using an exponential law. The mass bias behavior of Lu was assumed to follow that of Yb, and mass bias correction protocols were as described in Hou and others (2007) Hf ratio of 0.015 for the average continental crust (Griffin and others, 2000) .
zircon characteristics and geochronology
Although we favor sedimentary protoliths for all the samples, for samples S2-5, H3-7 and QS1-18, a magmatic origin cannot be completely excluded. In the following sections, therefore, the term "core" is only used in a descriptive sense for the central domains of zircons from these samples, with no genetic implication. We use the term "detrital core" for the central domains of zircons from samples QT1-1 and LT1-11, which are undoubtedly paragneisses.
Biotite Zircons are either oval or long-prismatic with sharp or rounded terminations, and many show a core-rim structure in cathodoluminescence (CL) images (figs. 4A, 4B, and 4C). The rounded grains commonly have wider rims than the elongate grains. The cores show oscillatory or banded zoning, and most underwent recrystallization to varying extents. Thirty analyses were undertaken on 27 zircon grains (table 2). Twenty Pb ages from 2426 Ϯ 13 to 2450 Ϯ 12 Ma. Dark zircon rims exhibit a homogenous structure or have weak zoning in CL images (figs. 4A, 4B, and 4C), and eight analyses yielded higher U contents (1060-3918 ppm) and lower Th/U ratios (0.03-0.16) than the cores. These analyses are similarly discordant and spot 25.1R, which is the closest to concordia, has a 207 Pb/ 206 Pb age of 2278 Ϯ 13 Ma. Several zircons (grain 7 in fig. 4B ; grain 12 in fig. 4C ) have light gray outer rims, but these were too narrow to analyze.
Banded Two-Mica K-Feldspar Gneiss (H3-7)
The zircons are similar in shape to those of sample S2-5 and also commonly show core-rim structures (figs. 4D, 4E, 4F, and 4G). The cores exhibit oscillatory or banded zoning, with some having a fairly homogenous structure, possibly the result of recrystallization. The dark rim domains are either homogenous or show weak oscillatory zoning in CL images ( fig. 4G) fig. 5B ). Four analyses on recrystallized cores exhibit a similar distribution in the concordia diagram as the non-recrystallized core analyses. The rims have much higher U contents (705-2511 ppm) and lower Th/U ratios (0.02-0.34) (6 analyses) than the cores and commonly experienced stronger lead loss. However, they are aligned along a discordia line with an upper intercept age of 1882 Ϯ 45 Ma (MSWD ϭ 1.9). Although rather imprecise, this age is interpreted to reflect a metamorphic and/or anatetic event, as is evident from the hand sample ( fig. 3B ). 
Garnet-Sillimanite-Biotite Gneiss (QT1-12b)
Most zircon grains are round or stubby, but some are elongate and some show apparent core-rim structures (figs. 4H, 4I, and 4J). The detrital cores exhibit magmatic zoning with some showing evidence of recrystallization. The rims tend to be more homogeneous or show weak zoning. A total of nineteen analyses were made on 13 grains (table 2) . Eleven analyses on core domains yielded U contents and Th/U ratios 
Graphite-Bearing Two-Mica Two-Feldspar Gneiss (LT1-11)
The zircons are long-prismatic or stubby to rounded in shape with rounded terminations, and some show core-rim structures in CL images (figs. 4K, 4L, 4M, and 4N). Oscillatory zoning suggests that the cores of these detrital grains are of magmatic origin. The rims vary in width and are commonly darker in CL images and lack internal structure or else show weak zoning. Twenty six analyses were carried out on 17 grains (table 2) , of which eleven core analyses have U contents and Th/U ratios of 154 to 1045 ppm and 0.07 to 0.62, respectively. Most cores have Th/U ratios higher than 0.1, although cores with Th/U Ͻ0.1 appear to have undergone recrystallization, with magmatic zoning still present locally (for example, grain 7 in fig. 4L ). The cores show lead loss with only one analysis (1.1D) plotting on concordia, and this has a 
Altered Mica Quartz-Feldspar Gneiss (QS1-18)
The zircons are similar in shape to those of sample LT1-11, and some also display core-rim structures (figs. 4O, 4P, 4Q, and 4R). The cores show oscillatory or banded zoning, with some revealing partial recrystallization, and are cross-cut by rim domains (for example, grain 8 in fig. 4Q ). A total of twenty-six analyses were made on 19 grains (table 2) , of which 16 core analyses yielded U contents of 125 to 1255 ppm and Th/U ratios of 0.25 to 1.65. As in the other samples, most analyses show strong lead loss, but some plot on or near concordia and define 207 Pb/ 206 Pb ages of 2015 Ϯ 18 to 1968 Ϯ 17 Ma (8.2C, 9.1C, 13.1C) . Three recrystallized core domains show strong lead loss. Six analyses on rim domains reveal U contents of 337-1066 ppm and Th/U ratios of 0.03 to 0.38. Similar to sample LT1-11, the age of the zircon rims suggests formation during a late Paleoproterozoic tectono-thermal event, although no precise metamorphic age could be assigned because of the strong lead loss.
hf-in-zircon isotopic signatures
Wherever possible, the Hf isotopes were obtained on sites previously analyzed on SHRIMP II for U-Pb. The results are given in table 3, are shown in figures 6A-6E, and are summarized in figure 6F . Cores (17 analyses) from the early Paleoproterozoic or late Neoarchean (see below) sample (S2-5) have ε Hf (t) values (t is the 207 Pb/ 206 Pb age of the analytical spot) of Ϫ8.8 to 6.2, and Hf crustal model ages of 2606 to 3221 Ma. Five analyses on recrystallized core and rim domains yielded ε Hf (t) values of Ϫ4.9 to 8.4 and Hf crustal model ages of to 2447 to 2866 Ma and are overall slightly younger than the magmatic core domains.
The cores (44 analyses in total) from the late or middle-late Paleoproterozoic (see below) samples (H3-7, QT1-12b, LT1-11, QS1-18) have similar Hf isotopic compositions with ε Hf (t) values and Hf crustal model ages of Ϫ9.1 to ϩ10.1 and 2039 to 3068 Ma, respectively. The recrystallized cores and rim domains (17 analyses) have ε Hf (t) Based on the zircon data, two age groups are recognized. Only one sample (S2-5) contains early Paleoproterozoic zircons and this was obtained from the northern margin of the Ordos Basin ( fig. 2 ). In this sample, the "core" zircon domains are all discordant, with the oldest grain recording a minimum 207 Pb/ 206 Pb age of 2544 Ϯ 15 Ma (22.1C), but with a strong discordance The age of the dark rims, although similarly discordant, suggests that the timing of metamorphism was Ͼ2.28 Ga. This implies that a metamorphic event occurred during the early Paleoproterozoic, therefore limiting the formation age of the rock to Ͼ2.28 Ga. There are thus two possibilities for the formation age of sample S2-5. If it is an orthogneiss, its protolith formed in the late Neoarchean to earliest Paleoproterozoic. Alternatively, if it is a paragneiss, as we suggest, deposition of the protolith was most probably between ϳ2.5 and 2.4 Ga. Early Paleoproterozoic metasedimentary rocks have been identified in the Daqingshan area (Wan and others, 2009; Dong and others, 2013) , about 80 km to the north of the sample location, suggesting that the Daqingshan and northern Ordos were part of the same basement terrane at that time. εHf(t) 2σ tDM1 (Ma) 2σ tDM2(CC) (Ma) 2σ fLu/Hf
The other age group includes all remaining samples (H3-7, QT1-12b, LT1-11, QS1-18) that cover a wide area beneath the Ordos Basin ( fig. 2 ). As mentioned above, samples QT1-12b and LT1-11 are of metasedimentary origin because they contain garnet, sillimanite and graphite. However, samples H3-7 and QS1-18 are of uncertain origin (orthogneiss or paragneiss) although we favor a sedimentary protolith, as discussed above. Most zircon cores in all these samples have 207 Pb/ 206 Pb ages of 2.1 to 2.0 Ga, making them significantly younger than those in sample S2-5. The least altered cores with magmatic oscillatory zoning indicate that they were derived from a granitoid terrane of possible middle Paleoproterozoic age (in the case of paragneiss), or that they represent the magmatic age of the protolith (in the case of orthogneiss). Only imprecise metamorphic ages of 1947 Ϯ 74 and 1882 Ϯ 45 Ma were obtained from samples in this study because of strong lead loss from the metamorphic domains. However, such ages have previously been reported from adjacent parts of the NCC, including Daqingshan to the north (Wan and others, 2006 (Wan and others, , 2009 (Wan and others, , 2013 fig. 1) , and ϳ1.8 Ga metamorphism was reported from both the eastern part of the Khondalite Belt near its contact with the TNCO (Zhao and others, 2010) and widely from the interior of the TNCO (see Zhao and others, 2005) .
Therefore, an important conclusion is that Paleoproterozoic metasedimentary rocks are widely distributed across the Ordos basement and underwent strong deformation and metamorphism at the end of the Paleoproterozoic. In this respect these are similar, in both rock association and metamorphic history, to rocks surrounding the Ordos Basin, including the Lüliang, Jining, Daqingshan and Qianlishan complexes others, 2006, 2009; others, 2007, 2012; Xia and others, 2009; Yin and others, 2009; Zhou and Geng, 2009; Dan and others, 2011; Guo and others, 2011) .
These late Paleoproterozoic supracrustal rocks and others exposed elsewhere in the NCC, including the Daqingshan area to the north of the Ordos Basin (Wan and others, 2009; Dong and others, 2012) , predominantly consist of continent-derived material. No unconformity between the late Paleoproterozoic supracrustal rocks and Archean to early Paleoproterozoic crystalline basement has so far been identified any where in the NCC, and the relationships are tectonic at all localities where the boundary can be observed (Guo and others, 2005; Wan and others, 2009) . It is possible, however, that at least some of the late Paleoproterozoic rocks were deposited unconformably on older basement as suggested by the occurrence of Archean and early Paleoproterozoic crustal fragments in the Khondalite Belt (Zhang and others, 2009; Wan and others, 2009; Ma and others, 2012b) . In some areas such as Huai'an and eastern Shandong, furthermore, the Archean rocks underwent the same late Paleoproterozoic high-grade metamorphism as nearby late Paleoproterozoic rocks (Guo and others, 2005; Wan and others, 2006) . We therefore infer that late Paleoproterozoic supracrustal rocks were once more extensively distributed than is apparent today. Combined with the above observations, identification of late Paleoproterozoic sedimentary rocks (ϳ2.0-1.95 Ga) in the basement of the Ordos Basin indicates that such supracrustal sequences were widely distributed, with the total area extending across almost half of the NCC.
Ca. 2.5 ga and 2.1 to 2.0 ga magmatism in the ordos block and adjacent areas
The oscillatory-zoned magmatic zircons in sample S2-5 with ages between 2.55 and 2.50 Ga are consistent with the conclusion that a late Neoarchean tectono-magmatic event occurred widely throughout the NCC (Wan and others, 2011; Zhao and Zhai, 2013 , and references therein). These zircons also show variations in their Hf isotopic compositions with ε Hf (2.5 Ga) values ranging from below chondritic to the depleted mantle line (fig. 6A ). This suggests that many of these grains were derived from older continental material, with some recording the addition of a juvenile component. The Hf crustal model ages range from 3.2 to 2.6 Ga (table 3), with an average of ϳ2.8 Ga, broadly consistent with the Hf crustal model age of similar rocks across the entire NCC (Geng and others, 2012) .
All late or middle-late Paleoproterozoic samples (H3-7, QT1-12b, LT1-11, QS1-18) show a similar zircon age distribution ( fig. 7A ). Abundant 2.1 to 2.0 Ga zircon cores with magmatic structures indicate that widespread magmatism occurred during the middle Paleoproterozoic (2.2-2.0 Ga) in the Ordos Block and adjacent areas (Wan and others, 2006; Dong and others, 2012; Santosh and others, 2013) . The sedimentary protoliths were mainly derived from magmatic sources of this age. This is similar to the late Paleoproterozoic khondalites farther north in the Khondalite Belt, which contain considerably more middle Paleoproterozoic detrital zircons than late Neoarchean grains (Dong and others, 2012; others, 2006, 2009) . Several geological units with an age of 2.3 to 2.0 Ga, including supracrustal rocks and mafic to felsic intrusive rocks, have been identified in the NCC, such as in Alax, Helanshan, Daqingshan, Zhongtiaoshan, Lüliang, Wutai, Hengshan, Fuping, Liaoning and eastern Shandong ( fig. 1) (Wan and others, 2011; Zhao and Zhai, 2013 , and references therein).
Zircon cores from all late (or middle-late) Paleoproterozoic samples show a large variation in ε Hf (t) from Ϫ9.1 to 10.1 (figs. 6B, 6C, 6D, 6E, and 6F), suggesting that both juvenile components and crustal sources played important roles in their crystallization during the middle Paleoproterozoic. The spread of ε Hf (t) values at ϳ2.0 Ga ( fig. 6F ) from chondrite to the depleted mantle line possibly signities a major magmatic event at this time, which correlates with abundant oscillatorily zoned magmatic zircons of this age both here and elsewhere in the NCC. It is also evident that at least some of the middle Paleoproterozoic magmatic rocks were derived from Neoarchean continental crust, a conclusion also indicated from the study of detrital zircons in late Paleoproterozoic metasedimentary rocks (khondalites) in other areas of the NCC others, 2006, 2008; Wan and others, 2009) .
Two or three age peaks are evident when all data are plotted on a Hf isotope crustal model age histogram (fig. 7B) . The model age peaks occur at ϳ2.4, ϳ2.65, and ϳ2.85 Ga. Importantly, although some zircons show a cluster around 2.7 Ga, which is characteristic of the NCC in general, many zircons from beneath the Ordos Basin have Hf model ages of ϳ2.4 Ga, broadly similar to the ϳ2.3 Ga values recorded from khondalitic rocks immediately to the north (Geng and others, 2012) . However, it is important to point out that the Hf model ages are estimates, and there are considerable errors because of the uncertainty in the true 176 Lu/ 177 Hf ratios of the protoliths of the dated samples.
geological implication for the paleoproterozoic evolution of the ncc
We analyzed drill-core samples from basement rocks beneath the Ordos Basin, and these, as well as similar samples studied by Hu and others (2012) , yielded Paleoproterozoic rock-formation ages. Six samples contain only middle Paleoproterozoic detrital zircons, whereas one early Paleoproterozoic (or Neoarchean) sample (S2-5) contains ϳ2.5 Ga zircons. In this respect, these are similar to rocks exposed in the Khondalite Belt to the north of the Ordos Basin (figs. 1 and 2), and it is likely that these zircons and their hosts were either derived from, or form part of, the Khondalite Belt. On the basis of this study, and given the wide distribution of samples, we find no evidence of Archean rocks, except possibly for sample S2-5, whose protolith may have formed at the end of the Neoarchean. Furthermore, there is no evidence that Archean source terranes were exposed in the area during deposition of the late Paleoproterozoic sediments.
The seven samples available for study are widely distributed across the area ( fig. 2 ) and show an absence or rarity of Archean zircons. It therefore seems likely that the upper crust of the Ordos Block is composed of Paleoproterozoic rocks. However, given its thick sub-continental lithosphere, it is possible that Archean rocks may still be present in the lower crust. It is also evident that the widely distributed late (or middle-late) Paleoproterozoic rocks underwent strong metamorphism and deformation at the end of the Paleoproterozoic, indicating that the Ordos basement was involved in a major late Paleoproterozoic tectono-thermal event. This has important implications for the assumed collisional history of the NCC. The two most popular models for the formation of the NCC involve collision of the Eastern and Western Blocks along a central orogenic belt, as discussed in the introduction. It has been assumed in all models that the Western Bock was predominantly of Archean age, represented by the basement below the Ordos Basin. Our results imply that neither of these models is correct. In addition, our conclusions bring into question the concept of a Trans-North China Orogen (TNCO), as proposed by Zhao and others (2000) that was supposed to have resulted from the collision, at about 1.85 Ga ago, of two Archean blocks. The consistent clockwise P/T paths recorded in metamorphic rocks of the TNCO (Zhao and others, 2000) support the view that the high-grade assemblages in this belt may indeed have been the result of collisional processes, but our results suggest that this event involved a Paleoproterozoic Western (Ordos) Block.
conclusions
One sample (S2-5) from beneath the northern margin of the Ordos Basin is an early Paleoproterozoic metasedimentary or late Neoarchean magmatic rock with an early Paleoproterozoic metamorphic history. Hf-in-zircon isotopes suggest that it was derived from older continental material with the possible addition of a juvenile component.
Six samples (including those of Hu and others, 2012) are late Paleoproterozoic metasediments, although some with uncertain protoliths may possibly be middle Paleoproterozoic magmatic rocks. Hf-in-zircon isotopes imply that recycling of Neoarchean crustal material played an important role in their crystallization during the middle Paleoproterozoic.
Late Paleoproterozoic metasedimentary rocks are widely distributed in the Ordos basement and were involved in a major late Paleoproterozoic tectono-thermal event that is also recorded in other parts of the NCC. This questions previous models in which the basement to the Ordos Basin (the Ordos Block) was considered to be an Archean block that collided with other Archean blocks to form the NCC. 
